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1. Introduction

Integrating hydroxyapatite and bovine bone
mineral into cellulose—collagen matrices for
enhanced osteogenesis+

C

Tudor Pinteala,®® Paul-Dan Sirbu, €22 Narcis Anghel, € * Irina Rosca,

Geanina Voicu,® Manuela Calin® and luliana Spiridon®

This study investigates novel biomaterials developed for bone regeneration, using cellulose and collagen
type | matrices enhanced with hydroxyapatite or InterOss. These materials demonstrate significantly
improved mechanical properties, notably the compressive modulus, indicating their potential for
effective structural support in bone regeneration. Incorporating hydroxyapatite into these matrices
markedly improves their physical properties, increasing the Brunauer—Emmett—Teller area and mono-
layer capacity, thereby facilitating superior cell adhesion and proliferation. This enhancement promotes
more effective osteoblast activity and viability over extended periods compared to matrices containing
InterOss. Furthermore, the scaffolds comprising cellulose modified with (3-amino-4-methylphenyl)
boronic acid exhibit significantly enhanced antibacterial properties, effectively inhibiting both Gram-
positive and Gram-negative bacteria, which is crucial for preventing post-surgical infections. Materials
that incorporate hydroxyapatite (HA) have displayed a rougher and more intricate surface compared to
those that include InterOss®™ particles, suggesting that HA promotes the development of an enhanced
mineralized skeleton within the composites. Cytocompatibility studies revealed that the scaffold
containing cellulose, collagen, and hydroxyapatite provided the most favorable environment for
sustaining cell viability, with significant improvements noted from day 7 onwards. Despite initial
cytotoxicity challenges, long-term exposure showed improved cell viability, suggesting degradation of
cytotoxic products over time. This research underscores the clinical potential of these biomaterials in
bone regeneration, highlighting their ability to enhance structural integrity, support osteogenic activity,
and prevent bacterial infections, thus promising to improve patient outcomes in bone-related therapies.

with 95% of patients over 70 years of age experiencing some
degree of osteoporosis, which complicates both the condition

Bone fractures are a major public health issue due to their high
morbidity rates and substantial economic burden on health-
care systems. The problem is becoming more urgent as global
populations age and bone-related diseases like cancer, osteo-
porosis, and dental anomalies become more prevalent. Notably,
proximal tibial plateau fractures in the elderly are on the rise,
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and its treatment.”?

The growing need for advanced bone regeneration techni-
ques is underscored by the critical role that bone plays in
maintaining essential physiological functions, such as regulat-
ing blood calcium levels. In response to these challenges,
there has been a surge of interest in bone substitute
materials,* which include both inorganic and organic compo-
nents that enhance structural integrity, stiffness, and mineral
homeostasis.**

Natural and synthetic polymers have become focal points in
research on bone repair and regeneration due to their biocom-
patibility, mechanical strength, and biodegradability.” Natural
polymers, such as collagen, chitosan, and hyaluronic acid,
provide excellent biocompatibility and osteoconductivity, facil-
itating bone cell attachment and minimal immunogenic
responses. However, their mechanical stability and inconsis-
tent degradation rates often limit their long-term application in
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bone tissue engineering. Synthetic polymers, in contrast, can be
engineered to provide controlled degradation rates and
improved cellular attachment by incorporating negatively
charged chemical groups, which makes them more adaptable
to therapeutic requirements.®

Collagen derived from marine environments, in particular,
has shown promise in facilitating cellular migration and
adhesion, two key factors in effective tissue integration and
regeneration. Marine-derived collagen stands out for its bio-
compatibility, low immunogenicity, and biodegradability,
along with its ability to attract migrating cells — qualities that
make it ideal for tissue engineering applications.”™"" Scientific
research has shown that marine-derived collagen can promote
osteogenic differentiation. For instance, Liu and Sun'? demon-
strated that fish-derived collagen scaffolds enhance the osteo-
genic differentiation of human mesenchymal stem cells,
highlighting the material’s relevance in bone regeneration.

Novel biomaterials were developed using cellulose and
collagen type I derived from bovine Achilles tendon as the
matrices for bone regeneration. These materials combine the
beneficial structural and functional properties of both compo-
nents, which are critical for effective bone tissue engineering.
Cellulose, a polysaccharide composed of B-b-glucose units, is
known for its biodegradability,"® biocompatibility,** and strong
mechanical properties."® These characteristics have made it
suitable for various applications, particularly in dentistry.'®"”
However, cellulose’s limited bioactivity poses challenges in
bone regeneration, so osteogenic bioactive agents are fre-
quently added to enhance its performance in these
applications.*®

Hydroxyapatite (HA), chemically represented as Ca;o(PO,)s(OH),,
is another critical component in bone regeneration. It closely
mimics the natural composition of human bone, making it
highly biocompatible and osteoconductive, promoting new
bone growth and cell attachment.’® The material is bioactive
and supports the proliferation of bone cells, facilitating
osseointegration — the process of bonding implants with bone
tissue. Studies by Cool et al.>® emphasize the role of HA in
facilitating this critical process. HA’s osteoconductivity allows it
to serve as a scaffold for new bone growth, integrating seam-
lessly with surrounding bone tissue. Moreover, HA can be
engineered into various forms, such as powders, granules,
and porous structures, making it versatile for different types
of bone defects and applications. Its mechanical properties can
also be tailored to match those of bone, reducing the risk of
implant failure.”'>*

InterOss®, a natural bone substitute material derived from
bovine bones, is widely used in dental and orthopedic applica-
tions for bone grafting and regeneration. InterOss®™ consists
primarily of hydroxyapatite and undergoes rigorous processing
to remove organic components, which prevents immunogenic
reactions and ensures biocompatibility. Its highly porous struc-
ture facilitates vascularization and promotes rapid host tissue
integration, making it a preferred choice for bone regeneration
in dental implantology and orthopedic surgeries. Studies have
shown that InterOss"™ is effectively maintaining bone volume
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and density post-grafting, which is critical for the long-term
success of implants and other orthopedic devices.>* >’

In addition to advancements in bone substitute materials,
the role of antioxidants in bone regeneration has garnered
increasing attention, particularly in managing osteoporosis
and bone inflammatory conditions. Oxidative stress, induced
by reactive oxygen species (ROS), has a significant impact on
bone metabolism, contributing to bone degradation and
inflammatory diseases. Antioxidants are now being incorpo-
rated into bone regeneration materials to combat ROS-induced
oxidative stress and promote bone health.***°

Trolox, a water-soluble analog of vitamin E, is widely recog-
nized for its potent antioxidant properties. It acts as a scavenger
of ROS, neutralizing free radicals that cause cellular damage.
Trolox has been extensively studied for its role in enhancing
cell viability and protecting tissues from oxidative stress, which
is particularly beneficial in tissue engineering and regenerative
medicine.*

In the field of bone regeneration, Trolox has shown the
potential to improve the viability and functionality of cells
under oxidative stress conditions. Studies have demonstrated
that it enhances the resilience of osteoblasts, the cells respon-
sible for bone formation, in harsh environments, thereby
supporting tissue regeneration and healing. Morabito et al.*!
assessed the impact of Trolox on osteoblastic cells, showing
that it significantly improved cell viability under oxidative
conditions. These findings highlight the potential of incorpor-
ating antioxidants like Trolox into bone regeneration materials
to improve their efficacy.

The study aims to evaluate and develop innovative bioma-
terials for bone regeneration, specifically integrating hydroxya-
patite and InterOss™ into a matrix consisting of cellulose or
cellulose modified with (3-amino-4-methylphenyl) boronic acid,
and bovine collagen. Mechanical properties, cell adhesion, and
antibacterial performance of these novel scaffolds in compar-
ison to existing materials like InterOss™ alone were assessed.
The goal is to enhance the structural and biological efficacy
of bone regeneration materials, offering improved solutions
for clinical applications. Results showed that the collagen-
cellulose matrix not only promoted superior cell adhesion
but also supported the prolonged viability of MG-63
osteoblast-like cells, particularly in materials that incorporated
hydroxyapatite.*?

The study’s findings suggest that these HA-enhanced col-
lagen-cellulose matrices outperformed InterOss™ in key areas
such as mechanical strength and cellular interaction. This
performance underscores the potential of these novel bioma-
terials to improve bone regeneration outcomes. As the global
population continues to age and the prevalence of bone pathol-
ogies increases, ongoing research and investment in bone
health technologies are critical to addressing the challenges
of bone repair and regeneration. By leveraging cutting-edge
materials and technologies, the medical community is better
equipped to meet the complex demands of bone repair and
regeneration, ultimately improving patient outcomes and
addressing this global health challenge.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2. Experimental section

2.1. Materials

Cellulose (cotton linters, ~20 micrometers, 240 kDa), Collagen
hydrolysate, a polypeptide made by further hydrolysis of dena-
tured collagen type I from bovine Achilles’s tendon (molecular
weight of 96 kDa), 1-allyl-3-methylimidazolium chloride, trolox
((£)-6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic ~ acid)
and hydroxyapatite (HA) were purchased from Sigma-Aldrich
and used without further purification. InterOss® from Sigma-
Graft Inc (Fullerton, CA, USA) was used as received.

2.2. Synthesis of dialdehyde cellulose by periodate oxidation

The cellulose was oxidized according to the method described
by Toshikj et al.,*® with slight modifications. 0.2 g of KIO4 were
added to 1.5 g of cellulose in 50 mL of acetate buffer (pH 4) at
room temperature, in dark, upon continuous stirring, for
6 hours. The product (dialdehyde cellulose - DAC) was sepa-
rated from the mixture through filtration, washed successively
with distilled water and ethanol, and dried at room tempera-
ture. Yield 1.435 g.

2.3. Reductive amination of DAC with (3-amino-4-
methylphenyl) boronic acid

Reductive amination of DAC was done according to method
described by Simon et al.>* A mixture of 1 g of DAC and 0.1 g of
(3-amino-4-methylphenyl) boronic acid in 30 mL of ethanol was
stirred at 80 °C for 12 hours. The product was filtered, washed
with ethanol, and resuspended in 30 mL of ethanol. 0.2 g of
sodium borohydride is added under stirring. After 60 minutes,
the product was filtered, washed with water and ethanol,
successively and dried at room temperature. Yield 0.877 g.
The synthesis of the reaction product, aminomethylphenyl-
boronic cellulose (CellD), was confirmed through FTIR and
EDX analysis.

2.4. Development of biomaterials

Cellulose or cellulose derivative (1 g) and collagen (0.25 g) were
dissolved in 10 g of 1-allyll-3-methylimidazolium chloride at
100 °C, under stirring for 6 hours. Hydroxyapatite or InterOss™
(0.025 g), and Trolox (0.005 g) were added into Cel-Coll matrix
and various formulations were obtained (Table 1).

2.5. Fourier transform infrared spectroscopy (FTIR)

Briiker FTIR Spectrophotometer, Vertex 70 (Billerica, MA, USA)
equipped with an attenuated total reflection (ATR) device was
used to evidence the interactions between composites’ compo-
nents. All samples were acquired using a diamond crystal with

Table 1 Key ingredients in biomaterials formulation
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ZnSe focusing element at room temperature. The analysis was
performed in the spectral region of 4000-600 cm ™" with a
resolution of 4 cm ™' and an average of 64 scans, at a 45° angle
of incidence.

2.6. Mechanical testing

All samples were immersed in phosphate buffer saline (PBS) for
24 h to reach saturation prior their testing in wet state. An
initial compressive force of 0.1 N was applied in order to ensure
a complete contact between the surface of the plate and that of
the sample. The compression experiments were conducted at
room temperature, using a Shimadzu Testing Machine (EZ-LX/
EZ-SX Series, Kyoto, Japan) equipped with a 500 N load cell, at a
1 mm min ! crosshead speed downwards at 25 °C.

2.7. Dynamic vapor sorption (DVS)

An IGAsorp fully automated gravimetric analyzer (Hiden Analy-
tical, Warrington - UK), was used to determine the dynamic
water vapor sorption capacity of the studied materials. Mea-
surements were made at 25 °C, in an RH range of 0-90% with
10% increments. The sorption capacity (% d.b.) was measured
and the specific surface area was calculated by means of the
Brunauer-Emmett-Teller (BET) equation.

2.8. Scanning electron microscopy (SEM)

The SEM imaging was performed using a Verios G4 UC Scan-
ning electron microscope (Thermo Scientific, Czech Republic)
equipped with energy dispersive X-ray (EDX) spectroscopy
analyzer (Octane Elect Super SDD detector, USA). SEM investi-
gations were performed in high vacuum mode at accelerating
voltage of 5 kV.

2.9. Antimicrobial activity

2.9.1. Microorganisms. The antimicrobial activity screen-
ing of the material sample was performed by using viable cell-
counting method.*® There were used two bacterial reference
strains represented by Staphylococcus aureus ATCC25923 and
Escherichia coli ATCC25922 that were refreshed on nutrient agar
(NA) at 37 °C. Microbial suspensions were prepared with these
cultures in sterile nutrient broth medium in to obtain turbidity
optically comparable to that of 0.5° McFarland standards. 500
pg of the material were placed into solution which contained
0.5 mL of the bacterium suspensions and 4.5 mL 1x PBS and
incubated up to 24 hours in a shaker at 37 °C. A control
experiment (without the material addition) was conducted.
1 pL of the control samples and of the treated samples were
removed at determined periods of incubation time (10 minutes,
20 minutes, 40 minutes, 1 hour, 2 hours, 4 hours, 6 hours,

Sample code Cellulose, g Cellulose derivative, g Collagen, g InterOss®, g Hydroxyapatite, g Trolox, g
Cell-Coll-InterOss™ 1 0.25 0.025 0.005
Cell-Coll-HA R 1 0.25 0.025 0.005
CellD-Coll-InterOss® 1 0.25 0.025 0.005
CellD-Coll-HA 1 0.25 0.025 0.005

© 2024 The Author(s). Published by the Royal Society of Chemistry
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24 hours) and spread on Plate Count Agar (PCA) plates. The
number of colonies was counted after 24 hours of incubation at
37 °C. All tests were carried out in triplicate to verify the results.
After incubation, the plates were analyzed with SCAN1200",
version 8.6.10.0 (Interscience) and the number of colonies was
expressed as the mean + standard deviation (SD) performed
with GraphPad Prism software version 7.00 for Windows
(GraphPad Software, La Jolla California USA, www.graphpad.-
com). The ratio of inhibited the growth of bacteria (IRG) was
calculated which is defined as (eqn (1)):

(Na — Nb)

a

IRG(%) = x 100%, (1)
where: N, and N, are the average values of colonies of the
control group and the experimental groups, respectively.

2.9.2. Cells. The MG63 human osteoblast-like cells (Amer-
ican Type Culture Collection, Manassas, Virginia, USA, catalog
no. CRL-1427) were grown in Dulbecco’s modified Eagle med-
ium (DMEM) with 1 g L " glucose (Merck KGaA, Darmstadyt,
Germany) supplemented with 10% fetal bovine serum (FBS)
and 100 U mL™" penicillin/streptomycin (PS) in an incubator at
37 °C, 5% CO,. The cells were sub-cultivated once a week at a
ratio of 1:4 according to supplier recommendation.

2.9.3. Cell culture in collagen-based scaffolds. The mor-
phology of MG-63 osteoblasts seeded in the collagen-based
scaffold materials was assessed by staining with phalloidin-
FITC to visualize F-actin filaments, as reported elsewhere.>
Eight individual scaffolds of each type (Cell-Coll-InterOss®,
Cell-Coll-HA, CellD-Coll-InterOss®, and CellD-Coll-HA) were
weighed, sterilized for 5 minutes under UV light, and washed
for 24 hours with DMEM. Before cells’ seeding, the scaffolds
were dried for 6 hours at 37 °C. Each scaffold was spotted with
10 pL MG-63 cells suspension at different cellular densities
depending on the envisaged incubation time (1 x 10> cells per
scaffold for 3 days, 0.5 x 10> cells per scaffold for 7 days, 0.2 x
10° cells per scaffold for 14 days, 0.1 x 10° cells per scaffold for
21 days) and equilibrated for 15 minutes to allow cells’ attach-
ment to the scaffold. Then, 500 pL of complete cell culture
medium (DMEM 1 g L™ glucose with 10% FBS and 1% PS) was
added to each well. Osteoblasts seeded in a monolayer (2D cell
culture system) in a 24-well plate at the same cellular density
were used as controls. After 24 hours, the seeded scaffolds were
transferred to a new sterile 24-well plate and the medium was
replaced.

At every experimental time point, the cells grown in mono-
layer or scaffolds were washed with PBS, fixed with 4% PFA in
0.1 M phosphate buffer (pH 7.4) for 60 minutes at room
temperature (RT), and permeabilized with 0.5% Triton X-100
for 15 minutes. Then, the cells were stained with 200 ng mL ™"
phalloidin-FITC (catalog no. RD-5782, R&D Systems, Minnea-
polis, MN, USA) for 1 hour and with 2 pg mL ™" 4’,6-diamidino-
2-phenylindole (DAPI, Thermo Fisher Scientific, Waltham,
Massachusetts, USA, catalog no. 62247) for 15 minutes at RT,
protected from light. The samples were examined with the 20x
objective through an Inverted Microscope Olympus IX81 (Olym-
pus Corporation Shinjuku, Tokyo, Japan) using the green
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(FITC) and blue (DAPI) detection filters. For scaffolds, conse-
cutive Z-stacks were acquired with a step size of 7 pm. The
images were reconstructed in Image] version 1.8.0 software
developed at the National Institutes of Health (NIH), USA.

2.10. Cytotoxicity assessment of scaffolds

2.10.1. Live/dead assay. The cytotoxicity of collagen-based
scaffolds on MG-63 osteoblasts was determined by staining the
cells with calcein and propidium iodide using the live/dead kit
(SIGMA-Aldrich, Merck KGaA, Darmstadt, Germany), according
to the producer’s instructions. Fluorescence images were
acquired at the aforementioned intervals (3, 7, 14, and 21 days),
with a 20x objective using the Z-stacking option, with a step
size of 7 pm. Detection filters for green (calcein) and red
(propidium iodide) to highlight viable and dead cells, respec-
tively, were used. The images were processed using Image]
version 1.8.0 software.

2.10.2. Adenylate kinase release. The cytotoxicity of the
scaffolds was evaluated using the ToxiLight™ Cytotoxicity
BioAssay Kit (Lonza Bioscience, Basel, Switzerland, catalog
no. LT17-217). Through an enzymatic reaction, the assay mea-
sures the level of adenylate kinase (AK) released in the culture
medium after cell membrane degradation. The conditioned
culture medium taken after the cells growing in scaffolds for
different intervals was incubated with AK substrate, and the
chemiluminescence measurements were made at 1 second
using a Mithras LB 940 Multimode Microplate Reader (Berthold
Technologies GmbH & Co. KG, Oak Ridge, TN, USA). The data
were expressed as arbitrary units.

2.11. Cell toxicity of scaffold leachates (XTT assay)

The four scaffolds were incubated at 37 °C in a complete cell
culture medium to obtain the leachates. The scaffold extracts
were collected at 3, 7, 14, and 21 days and replaced with fresh
medium. The MG-63 cells were incubated with the leachates
withdrawn at different intervals and the cytotoxicity was deter-
mined using XTT assay. Before incubation with the leachates,
MG-63 cells were seeded at a density of 0.1 x 10* cells per well
in a 96-well plate for 24 hours. After 24, 48, and 72 hours of
cells’ incubation with the leachates, the medium was replaced
with 0.2 mg mL~' XTT solution that contains 5 pM PMS
(phenazine methosulfate) in colorless DMEM (1 hour at
37 °C). In the XTT assay, the tetrazolium salt of XTT [(2,3-bis-
(2-methoxy-4-nitro-5-sulfophenyl)]-2 H-tetrazolium-5-carboxyanilide
salt) is reduced by the mitochondrial enzymes in healthy cells. It is
formed orange-colored water-soluble formazan that can be spec-
trophotometrically detected. The optical absorbance of the med-
ium was measured at 450 nm using an Infinite™ M200 PRO
microplate reader spectrophotometer (Tecan, Ménnedorf, Switzer-
land). The experiments were performed in duplicate and the
results were expressed as percentages relative to control cells
maintained in a complete medium.

2.12. Cell viability assay (MTS assay)

Human osteoblast-like MG-63 cell line (CLS Cell Lines Service
GmbH, Eppelheim, Germany) were seeded in 96-well tissue

© 2024 The Author(s). Published by the Royal Society of Chemistry
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culture-treated plates at 10° cells per mL in alpha-MEM med-
ium supplemented with 10% fetal bovine serum (both from
PAN-Biotech GmbH, Aidenbach, Germany) and 1% penicillin-
streptomycin-amphotericin B mixture (Gibco, Thermo Fisher
Scientific, Waltham, MA USA). The next day, cells were incu-
bated with leachate material samples (10% in complete cell
culture medium) or control medium (10% PBS in complete cell
culture medium). After 24 h incubation, biocompatibility
assessment was performed using the CellTiter 96® AQueous
One Solution Cell Proliferation Assay kit (Promega, Madison,
WI USA). Absorbance readings at 490 nm were done with a
FLUOstar® Omega microplate reader (BMG LABTECH, Orten-
berg, Germany) and viability of treated cells was calculated as
percentage of the viability of control cells (means =+ standard
deviation).

2.13. Quantification of alkaline phosphatase activity in
osteoblasts incubated with the scaffold leachates

To investigate the osteogenic differentiation of MG-63 osteo-
blasts after incubation with the leachates collected from the
collagen-based scaffolds, we determined the alkaline phospha-
tase (ALP) activity by a colorimetric reaction that uses para-
nitrophenyl phosphate (pNPP) as substrate. ALP is a glycopro-
tein located on the cellular surface and represents an early
marker of osteogenic differentiation. The enzymatic activity of
ALP was determined after 7 days of MG-63 osteoblasts incuba-
tion with the leachates collected at different intervals (7, 14,
and 21 days). As controls, osteoblasts cultivated in monolayer
and maintained either in DMEM complete medium or osteo-
genic medium®” (OM, DMEM with 4.5 g L' glucose,
50 pg mL~ " ascorbic acid, 10 mM B-glycerophosphate, 10 nmole
dexamethasone) were used. After 7 days, the cells were pro-
cessed for ALP assay using SensoLyte pNPP Alkaline Phospha-
tase Assay Kit (AnaSpec, Inc. Fremont, CA, USA), according to
the manufacturer’s instructions.*® The absorbance of the sam-
ples was determined at 405 nm with a spectrophotometer
TECAN Infinite® M200 PRO and the results were calculated
using a standard curve.

2.14. Degradation and swelling properties

The scaffolds were cut and immersed in PBS solution (pH = 7.4)
at 37 °C. Their weights were recorded before and after immer-
sion on days 2, 4, and 6. The percentage of degradation was
determined using eqn (2):

W, — W,

where D represents the degree of degradation, W, is the weight
of the scaffolds after soaking, and W, is their weight before
soaking.

The swelling behavior of the scaffolds was evaluated by
immersing them in PBS at 37 °C. The PBS solution was
prepared by dissolving 8 g of NaCl, 200 mg of KCl, 1.44 g of
Na,HPO,, and 245 mg of KH,PO, in 800 mL of distilled water,
followed by pH adjustment to 7.4 and dilution to a final volume
of 1 L. The scaffolds were cut and immersed in the PBS solution

© 2024 The Author(s). Published by the Royal Society of Chemistry
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for various time intervals: 15, 30, 60, 120, 240, and 480 minutes.
Weights were measured before and after immersion at each
time point. The swelling percentage was calculated using

eqn (3):

S = (mw;de) x 100%, (3)

where S denotes the degree of swelling, W,, is the wet weight of
the scaffolds, and Wy is the dry weight.

3. Results

3.1. FTIR analysis of biomaterials

The FTIR spectrum of cellulose (Fig. S1a, ESIT) presents a broad
absorption peak at 3346 cm ™' corresponding to the stretching
of O-H bond, due to the presence of hydroxyl groups in
cellulose backbone.

Shifts of this band toward the lower frequencies was
recorded in cellulose derivative, namely aminomethylphenyl-
boronic cellulose (Fig. S1b, ESIt), due to superimposed absorp-
tions of the both hydroxyl and secondary amine groups.

The absorption band at around 3411 cm ™' corresponds to
N-H bending, while the bands allocated to aromatic ring
vibrations appear in the spectral range of 1100-1000cm .*°
The new peak at 800.4 cm ™" is ascribed to the deformation out-
of-plane vibrations -B-O and torsional deformation vibration of
O-H bound.*® The hydroxyl index (HI - attributed to the OH
groups stretching) calculated as Az400/Az916 @absorbance ratio
presents a decrease from 0.517 (cellulose) to 0.4018 (after
treatment with 3-amino-4-methylphenylboronic acid) and con-
firms that reaction was done.

EDX mapping (Fig. S2, ESIt) confirmed the presence of N
and B elements in cellulose derivative.

FTIR spectra of the obtained materials are shown in Fig. S3
(ESIY).

Materials comprising cellulose derivative present a peak at
1726 cm ™' ascribed to ester carbonyl groups (C=0). Collagen
presence is confirmed by peaks at 1643 cm™ " (amide I) and at
~1568 cm ™' (amide II).*' The orthophosphates (PO,*") were
observed in the range®® 960-1120 cm™ ' and 623 cm .

3.2. Mechanical properties

Materials engineered for bone regeneration should possess
mechanical properties that mirror those of natural bone. Liu
et al.** documented that a hybrid material composed of col-
lagen and oxidized cellulose exhibits superior mechanical
strength. This enhancement is primarily due to the hydrogen
bonds and electrostatic interactions among the constituents.
Fig. 1 illustrates that the compressive strength of the synthe-
sized materials varies between 0.14 and 0.24 MPa, while the
typical range observed in human trabecular bone is in the range
0.70-15 MPa.*® Importantly, the compressive modulus of these
materials surpasses that found in the pericellular matrix of
human cartilages and organs (0.144-0.954 MPa),** highlighting
their potential efficacy in bone regeneration applications,
including those utilizing InterOss™.

Mater. Adv., 2024, 5, 9573-9585 | 9577
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Fig. 1
are determined from the linear dependence of stress—strain profiles.

Materials incorporating the cellulose derivative demon-
strated lower compression strength and elastic modulus, yet
they endured significantly higher stress levels. This character-
istic can be attributed to the derivative’s diminished ability to
form robust hydrogen bonds among matrix macromolecules
compared to native cellulose. The Hydrogen Bond Index (HBI)
values were as follows: 3.5281 (CellD-Coll-InterOss™) > 3.5252
(Cell-Coll-InterOss®) > 3.2585 (Cell-Coll-HA) > 4.077 (CellD-
Coll-HA).

Furthermore, the elastic modulus of all tested materials
remained below that of human cortical bone, which spans 7
to 30 GPa.*® Notably, materials incorporating InterOss™ exhib-
ited higher (with about 43-49%) elastic modulus values, sug-
gesting enhanced mechanical strength attributable to the
InterOss® particles. This reinforcement is likely due to the
strong interfacial adhesion between the matrix and InterOss®
particles, as documented in scanning electron microscopy
(SEM) images.

3.3. Dynamic vapor sorption (DVS)

The water absorption capacity of biomaterials is crucial for
their effectiveness in absorbing exudate from tissue flaws and
their overall compatibility within the tissue environment. It has
been noted that the specific surface area plays a vital role in
bone tissue engineering, enhancing the uniform distribution,
attachment, and the migration, proliferation, and differentia-
tion of biological cells.*® The porous structure of the surface
also facilitates vascularization and bone ingrowth. To model
the sorption isotherms, the Brunauer-Emmett-Teller (BET) and
Guggenheim-Anderson-de Boer (GAB) equations
employed. The experimental results indicated a better fit with
the BET model compared to the GAB model.*’

Results from Fig. 2 and Table 2 indicate that incorporating
InterOss™ particles into the cellulose-collagen matrix signifi-
cantly enhances the Brunauer-Emmett-Teller (BET) area and
monolayer capacity. Conversely, in systems utilizing a cellulose
derivative, an adverse effect was observed on these parameters.
Notably, the material identified as CellD-Coll-HA, which

were
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Fig. 2 Dynamic vapor sorption isotherms of biomaterials.
Table 2 BET data related to the studied materials
Sorption Monolayer,
Sample code capacity, % BET area, m®> g~ ' gg !
Cell-Coll-InterOss®™  67.62 1387.854 + 872.498 0.395291
Cell-Coll-HA - 84.02 944.020 + 79.280 0.268878
CellD-Coll- InterOss™ 80.43 941.313 + 164.116  0.268107
CellD-Coll-HA 77.74 2375.867 £ 244.708 0.276700

exhibited the highest BET value (with about 60.2% compared
to the rest of the tested stuffs), demonstrated superior cell
adhesion capabilities compared to materials containing hydro-
xyapatite (HA) alone. This suggests that the specific architec-
tural features of the CellD-Coll-HA matrix may more effectively
promote cell attachment and subsequent tissue integration.

3.4. Scanning electron microscopy (SEM)

The surface morphology of the materials, as illustrated in
Fig. 3, plays a crucial role in influencing cellular behaviors,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 SEM images of biomaterials.

including adhesion, proliferation, and migration. Scanning
electron microscopy analysis reveals that mineral particles are
evenly distributed throughout the polymer matrix. However,
the morphology of materials that incorporate a cellulose deri-
vative shows a higher incidence of microcracks, indicating that
the added fillers are not tightly embedded within the polymeric
matrix. These microcracks suggest that the interfacial bonding
between the components is insufficient for effective energy
dissipation.

Consequently, materials that include cellulose derivatives in
their matrix demonstrate lesser fracture resistance compared to
those that incorporate unmodified cellulose. Materials that
incorporate hydroxyapatite (HA) have displayed a rougher and
more intricate surface compared to those that include Inter-
0ss™ particles, suggesting that HA promotes the development
of an enhanced mineralized skeleton within the composites.
The rough surface texture and greater surface area associated
with HA composites are undoubtedly more conducive to cell
attachment and proliferation. On the other hand, materials
containing InterOss™ particles exhibit a more compact struc-
ture, which correlates well with their improved mechanical
properties. This distinction in surface morphology between
the two types of composites highlights their different func-
tional potentials in tissue engineering applications.
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EDX spectrum of all materials (Fig. S2, ESI{) have similar
elements, including chlorine, carbon, oxygen, and nitrogen,
derived from the collagen and cellulose dissolved in ionic
liquid, while calcium and phosphorus are derived from the
HA or InterOss® particles. The presence of B in materials
comprising cellulose derivative was evidenced.

3.5. Antimicrobial activity of biomaterials

The antibacterial efficacy of the materials was evaluated, as
illustrated in diagrams presented in Fig. 4(a) and (b), which
depict the inhibition of bacterial colony growth on the samples
tested. The materials exhibited varying degrees of antibacterial
activity against Staphylococcus aureus and Escherichia coli. Spe-
cifically, against the Gram-positive bacterial strain S. aureus,
there was a significant reduction in cell viability, dropping to 1-
5% after just 4 hours of incubation. Subsequently, no colonies
were detected on the plates up to 72 hours of incubation, as
shown in Fig. 5(c). This indicates a potent antibacterial effect of
the materials against S. aureus, highlighting their potential for
preventing bacterial infections in clinical applications. In the
case of the Gram-negative bacterial colonies, represented by
Escherichia coli, the antibacterial efficacy of the materials was
notably. After just 2 hours of incubation, cell viability was
reduced to less than 1%, as depicted in Fig. 4(b). Furthermore,
the development of bacterial cells was completely halted after 4
hours, with this effect sustained for up to 72 hours, as shown in
Fig. 5(d).

Intriguingly, all materials demonstrated consistent antibac-
terial activity regardless of their composition. They reached
peak antibacterial effectiveness after 6 hours of incubation for
Staphylococcus aureus and just 2 hours for E. coli. This indicates
a rapid and sustained antibacterial action that is effective
against both Gram-positive and Gram-negative bacteria, under-
scoring the potential of these materials in clinical settings
where infection prevention is critical. The enhanced antibacter-
ial effectiveness against Escherichia coli might be attributed to
the presence of a lipopolysaccharide component in the outer
membrane of Gram-negative bacteria, which can hinder the
proper trans-membrane transport of bioactive substances pre-
sent in the tested materials.*®*° The incorporation of cellulose

b)
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w
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modified with (3-amino-4-methylphenyl) boronic acid as a
component of the matrix significantly improves the antibacter-
ial capabilities against both Gram-positive and Gram-negative
bacteria. This modification likely enhances the interaction of
the matrix with bacterial cell membranes, thereby increasing
the material’s efficacy in inhibiting bacterial growth and
viability.

3.6. Swelling and degradation behavior

The ability of a scaffold to swell directly correlates with its
capacity to absorb fluids, which is critical for nutrient and
oxygen diffusion within the scaffold (Fig. 6). Higher swelling
capacity can lead to better cell viability, especially for osteoblast
cultures, as it allows for an improved supply of essential
nutrients. From the swelling experimental data, CellD-Coll-HA
shows the highest swelling capacity (39.48% at 240 minutes),
which likely enhances the biological function of osteoblasts by
supporting an environment rich in nutrients.

Hydroxyapatite (HA) promotes better osteoblast activity.
This can be tied to its high swelling capacity, which allows
scaffolds to retain more fluid and therefore create a conducive
environment for cell proliferation. In materials such as CellD-
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Fig. 6 Swelling capacity of scaffolds.
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Images of plates cultured with bacteria over time: (c) S. aureus; (d) E. coli.

Coll-HA, which exhibited superior swelling behavior, the
enhanced swelling likely provides better support for osteoblast
proliferation and adhesion. This scaffold also exhibited super-
ior biocompatibility and cell viability, as shown in longer-term
studies.

Swelling also affects the porosity of the scaffold, which is
critical for osteoblast migration and integration into the matrix.
A more porous structure (corelated with a higher swelling
percentages) allows for better vascularization and integration
of bone tissue. The correlation between swelling and BET
surface area suggests that higher swelling leads to better cell
distribution and proliferation within the scaffold, especially in
CellD-Coll-HA matrices.

The swelling capacity of scaffolds influences key biological
parameters, particularly cell adhesion, proliferation, and osteo-
blast differentiation. Materials like CellD-Coll-HA, with higher
swelling percentages, offer improved environments for osteo-
blast cultures, supporting nutrient absorption, cell integration,
and overall osteogenic activity. However, this needs to be
balanced with the scaffold’s mechanical properties to ensure
structural integrity during bone regeneration.

Although high swelling capacity is generally beneficial for
cell proliferation and nutrient transport, it may compromise
the mechanical integrity of the scaffold if the material becomes
too soft or loses its structural support. Materials like Cell-Coll-
InterOss®, which exhibit moderate swelling, might offer a
balance between sufficient hydration and mechanical support.
This makes it suitable for applications where mechanical
stability is as important as biological compatibility.

Hydroxyapatite supports osteogenic differentiation by
mimicking natural bone composition. The swelling capacity of
HA-based scaffolds could facilitate the transport of osteogenic
factors, such as calcium and phosphate ions, to osteoblasts,
enhancing their differentiation and bone-forming capacity. The
scaffold’s ability to sustain long-term cell viability and promote
ALP activity (a marker of osteogenic differentiation) could be tied
to its swelling behavior, allowing osteoblasts to thrive in a
nutrient-rich and structurally supportive environment.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The degradation behavior of scaffolds (Fig. 7), combined
with their swelling capacity, directly impacts the scaffold’s
ability to support osteoblast proliferation, differentiation, and
long-term tissue integration. CellD-Coll-HA, with its faster
degradation rate, promotes quicker scaffold resorption, facil-
itating early bone formation and osteoblast activity, while Cell-
Coll-InterOss®, with slower degradation, provides prolonged
structural support. Achieving the right balance between degra-
dation, swelling, and mechanical properties is crucial for
optimizing the scaffold for bone regeneration applications.

3.7. Cell viability

The in vitro biocompatibility of the samples was evaluated after
24 hours using the MTS assay. Overall, the samples demon-
strated biocompatibility, with cell viability ranging from 91% to
104% (Fig. 8). The viability exceeding 100% can be attributed to
the treated cells exhibiting higher proliferation rates compared
to the control cells, resulting in increased absorbance at
490 nm. Consequently, cell viability values above 100% are
not uncommon and may indicate enhanced cell proliferation in
response to the treatment.
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Fig. 8 Cell viability under leachate exposure over time.
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3.8. Cytocompatibility of the scaffolds

The cytocompatibility of various collagen-based scaffolds was
assessed using the human osteosarcoma-derived osteoblast cell
line MG-63, which was seeded into four different types of
scaffolds and cultured over periods of 3, 7, 14, and 21 days.
Cellular F-actin fibers were stained with Phalloidin-FITC to
monitor cell viability and morphology, as depicted in Fig. 9.

For the Cell-Coll-InterOss® scaffold, no viable cells were
observed on or within the scaffold throughout the study period,
likely due to its high degree of compaction, which may impede
cell infiltration and survival. In contrast, the Cell-Coll-HA
scaffold supported cell presence; cells were observed proliferat-
ing within the scaffold throughout the 21-day culture period.
However, these cells tended to grow in isolation without
spreading extensively within the scaffold.

The CellD-Coll-InterOss™ scaffold showed enhanced cell
proliferation starting from day 14, indicating a delayed but
effective adaptation of the cells to the scaffold environment.
The CellD-Coll-HA scaffold exhibited the most favorable
environment for sustaining cell viability, with significant
improvements noted from day 7 onwards. Fluorescent imaging
revealed a broad distribution of osteoblasts within this scaffold,
displaying a morphology akin to that seen in traditional 2D cell
cultures by day 21. Over time, from 14 to 21 days, there was a
noticeable increase in the density of viable osteoblasts, which
actively infiltrated deeper into the scaffold, suggesting excellent
integration and growth potential within this scaffold composi-
tion. The analysis of adenylate kinase (AK) release into the
culture medium, a marker of cell damage, supports findings
from fluorescence microscopy involving live/dead staining.
Fig. 11 illustrates that the AK levels detected in the medium
after 3 days of culturing MG-63 cells in scaffolds were notably
low, which correlates with the minimal cell survival observed in
the scaffolds, as shown in Fig. 9 and 10.

Throughout the 21-day culture period, the release of AK was
lowest in the Cell-Coll-InterOss™ scaffold, indicating minimal
cell activity and survival. In contrast, scaffolds such as Cell-Coll-
HA, CellD-Coll-InterOss®™, and CellD-Coll-HA exhibited higher
AK release, suggesting increased cell proliferation over
extended periods within these scaffolds. Despite this prolifera-
tion, cell mortality remained high, as evidenced not only by
live/dead staining results shown in Fig. 11 but also by the
elevated AK release levels. This pattern underscores a dynamic
environment within the scaffolds where cell growth is accom-
panied by significant cell death, indicating challenges in main-
taining long-term cell viability within these structures.

3.9. The cytotoxicity of scaffold leachates

The effects of leachates collected from various scaffolds on
the viability of MG-63 osteoblasts were extensively studied, and
findings are detailed in Fig. 12. Initial exposure of the
osteoblasts to leachates collected on the third day of incubation
did not cause any significant change in cell viability compared
to control cells, which were incubated with standard cell
culture medium (Fig. 12(A)). This suggests that short-term
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exposure to these leachates does not have an immediate
cytotoxic effect.

However, as the exposure time increased, a notable decline
in cell viability was observed. Specifically, after 48 hours of
exposure, osteoblast viability decreased by approximately 10%
with leachates from the Cell-Coll-InterOss® and CellD-Coll-HA
scaffolds, by about 60% with the Cell-Coll-HA scaffold, and by
30% with the CellD-Coll-InterOss® scaffold. After 72 hours, the
decline in viability became more pronounced: approximately
75% lower viability for cells exposed to leachates from Cell-Coll-
InterOss®™, more than 90% reduction for those incubated with
leachates from Cell-Coll-HA and CellD-Coll-InterOss®, and
around 55% reduction for CellD-Coll-HA scaffold leachates.
These observations suggest a higher initial cytotoxicity in the
leachates, aligning with results from direct cell seeding experi-
ments on scaffolds. A possible explanation for this initial
cytotoxicity could be the presence of toxic degradation products

© 2024 The Author(s). Published by the Royal Society of Chemistry
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in the scaffolds, which are most prominent in the conditioned
medium collected on day 3.

Interestingly, leachates collected on the 7th day showed no
significant effect on cell viability over 24, 48, and 72 hours of
exposure, and even appeared to induce slight cell proliferation
at the 24-hour mark in leachates from the Cell-Coll-HA, CellD-
Coll-InterOss™, and CellD-Coll-HA scaffolds (Fig. 12(B)). Addition-
ally, no significant decrease in viability was noted with leachates
collected on the 14th and 21st days (Fig. 12(C) and (D)), regardless
of exposure time. This improvement over time suggests that the
initial cytotoxic components may degrade or dissipate, reducing
their impact on cell viability in longer-term cultures.

4. Conclusions

This study demonstrated that scaffold materials incorporating
hydroxyapatite (HA) or InterOss®™ into a cellulose-collagen
matrix significantly enhance mechanical properties, with a
compressive modulus surpassing that typically associated with
the pericellular matrix of human cartilages and organs. Speci-
fically, these materials show a compressive modulus that
indicates their potential efficacy for structural support in bone
regeneration applications.

Notably, the introduction of HA into these matrices greatly
improves their physical and functional properties. It increases

© 2024 The Author(s). Published by the Royal Society of Chemistry

the specific surface area, which is crucial for promoting better
cell adhesion and proliferation. This attribute is particularly
beneficial in the context of bone regeneration, where enhanced
cell attachment can accelerate healing processes. Our results
demonstrate that scaffolds containing HA support the viability
and functionality of MG-63 osteoblasts more effectively and for
longer periods than those modified with InterOss®, indicating
a significant improvement in biocompatibility and cellular
response.

The incorporation of cellulose modified with (3-amino-4-
methylphenyl) boronic acid is another innovative aspect, which
notably enhances their antibacterial properties. This modifica-
tion not only prevents bacterial growth but does so effectively
against a broad spectrum of bacterial strains, both Gram-
positive and Gram-negative. Such antibacterial efficacy is cri-
tical in preventing post-surgical infections and is a desirable
property for any material used in invasive procedures.

Among the materials tested, the CellD-Coll-HA scaffold
stands out. It not only supports cell adhesion and proliferation
but also shows a notable increase in the density of viable
osteoblasts over time. This scaffold’s properties are particularly
aligned with the needs of bone tissue engineering, where long-
term cell viability and integration into the host tissue are
crucial for successful regeneration.

The addition of HA into the cellulose-collagen matrix nota-
bly improved the Brunauer-Emmett-Teller (BET) area and
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monolayer capacity, achieving a BET area as high as 2375 m* g~ "
for the CellD-Coll-HA scaffold. This enhancement is crucial as it
indicates a superior capacity for cell adhesion compared to
scaffolds incorporating InterOss™, which is essential for initiating
and sustaining cellular activities necessary for tissue integration
and healing.

Cytocompatibility studies revealed that the CellD-Coll-HA
scaffold provided the most favorable environment for sustain-
ing cell viability, with significant improvements observed from
day 7 onwards. Fluorescent imaging confirmed a broad dis-
tribution of osteoblasts within this scaffold, showing a mor-
phology akin to cells maintained in a traditional 2D culture by
day 21. This suggests not only compatibility but also the
promotion of natural cellular behaviors crucial for effective
tissue engineering.

However, cytotoxicity assessments indicated some initial
challenges. The leachates from the scaffolds tested showed
varying degrees of cytotoxicity over time. Notably, after 72 hours
of exposure, the viability of MG-63 osteoblasts decreased
significantly, with reductions of about 75% for Cell-Coll-
InterOss®” and more than 90% for Cell-Coll-HA and CellD-
Coll-InterOss® scaffolds. Interestingly, leachates collected after
7 days did not significantly affect cell viability, suggesting that
any cytotoxic degradation products present initially may
degrade or dissipate over time, highlighting the importance
of temporal dynamics in scaffold behavior.

Furthermore, the activity of alkaline phosphatase (ALP), a
key marker of osteoblast differentiation, was consistently main-
tained at levels comparable to controls across all scaffold types
when exposed to leachates collected at 7, 14, and 21 days. This
consistent ALP activity, regardless of exposure duration to
scaffold leachates, underscores the potential of these scaffolds
to support osteogenic differentiation without adverse effects on
this critical differentiation pathway.

In conclusion, the findings from this study underscore the
potential of HA-enhanced cellulose-collagen scaffolds, particu-
larly those modified with (3-amino-4-methylphenyl) boronic acid,
in promoting superior mechanical properties, enhanced cell
adhesion, and sustained osteoblast viability—key attributes for
successful bone regeneration. The favorable cytocompatibility and
controlled cytotoxicity further support their clinical potential.
However, the initial cytotoxicity observed necessitates further
investigation into the long-term biological interactions and the
functional longevity of these scaffolds in vivo, to fully harness their
capabilities for bone tissue engineering applications.

The integration of these advanced biomaterials into clinical
practice promises to transform the management of bone frac-
tures and disorders. Tailoring material properties to suit indi-
vidual patient needs supports the principles of precision
medicine, enabling more effective and personalized treatment
strategies. This approach not only aims to improve patient
outcomes but also strives to alleviate the economic burden on
healthcare systems by enhancing treatment efficiencies and
reducing the incidence of complications.

Looking forward, the field of bone regeneration is prone for
further innovation. Emerging technologies such as 3D
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bioprinting and the integration of bioactive molecules into
scaffold designs are paving the way for next-generation bone
repair solutions. These advancements are set to redefine the
standards of patient care in orthopedics, contributing to more
sustainable healthcare practices and better quality of life for
patients suffering from bone-related conditions.
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